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La precipitación de carbonatos mediante bacteria tiene implicaciones en los procesos geológicos e 
importantes aplicaciones biotecnológicas. Estas bacterias han sido aisladas de diferentes depósitos 
de carbonato de calcio (espeleotemas) en cuevas, suelo, agua dulce y de mar alrededor del mundo. 
Sin embargo, la capacidad de precipitación bacteriana y la diversidad en los depósitos calcáreos en 
Colombia siguen siendo desconocidas. Las bacterias presentes en depósitos de carbonato de dos 
minas El Toro y El Zancudo ubicadas en el departamento de Antioquia se investigaron mediante 
electroforesis Temporal de gradiente de temperatura (TTGE) y métodos cultivo dependientes.  Los 
resultados mostraron la presencia y predominio de Proteobacterias y Firmicutes, mientras 
Actinobacteria fue menos abundante. En relación con la precipitación de carbonatos en medio 
sólido, los cristales de un aislado (Acinetobacter gyllenbergii) presentaron cristales de calcita 
rombohedricos con superficies angulares y tamaños alrededor de 90μm. La capacidad precipitante 
del aislado de mejor crecimiento, Brevibacillus choshinensis, aislada de la mina “El Zancudo” fue 
estudiada en un bioensayo incubándola durante 21 días en medio líquido B4 y B4 suplementado. 
El pH y el número de células aumentó después de tres días de incubación, el potencial redox y el 
consumo de oxígeno medido fue significativamente bajo, lo que indica que el proceso de 
precipitación se lleva a cabo bajo condiciones poco oxidantes en el laboratorio. Los cristales 
obtenidos se analizaron por XRD, FTIR y SEM / EDX, éstos indicaron la presencia de calcita 
magnésica y vaterita. Las Morfologías observadas fueron formas irregulares de 50 a 100 μm 
aparentemente rodeadas por sustancias exopolimericas (EPS) y formas esféricas alrededor de 2-
5μm. Los resultados de esta investigación es el primer reporte en Colombia que proporciona 
información sobre las comunidades bacterianas presentes en depósitos secundarios calcáreos de 
minas y la capacidad precipitante  de Brevibacillus choshinensis en condiciones de laboratorio.  
 








Bacterial carbonate precipitation is a common process occurring among several taxonomic groups 
and environments. It has implication in geological processes and important biotechnological 
applications. Those bacteria have been isolated from different calcium carbonate deposits 
(speleothems) in caves, soil, freshwater and seawater. However, the bacterial precipitation capacity 
and diversity of calcareous deposits in Colombia remains unknown. The bacteria of carbonate 
deposits from two Colombian mines were investigated using Temporal Temperature gradient 
electrophoresis (TTGE) and culture dependent methods. Results showed presence and dominance 
of Proteobacteria and Firmicutes, while Actinobacteria were less abundant. Regarding the 
calcium carbonate precipitation on solid medium, crystals collected by one isolate (Acinetobacter 
gyllenbergii) had rhombohedra crystals with angle surfaces about 90 μm size.  The precipitation 
capacity of calcium carbonate by Brevibacillus choshinensis isolated from “El Zancudo” mine was 
studied. It was incubated for 21 days in medium B4 and B4 supplemented with drip water.  The 
pH and the number of cells increased after three days of incubation, the redox potential and 
oxygen measured was significantly low, indicating that the process was carried out under low 
oxidant conditions. Crystals obtained were analyzed by XRD, FTIR and SEM/EDX and were 
calcite magnesian and vaterite. Morphologies observed were generally irregular around 50-100 μm 
size apparently surrounded by exopolymeric substances (EPS) also there were spherulites around 
2-5 μm. The results of this study provide the first report in Colombia about the bacterial calcium 
carbonate communities present in second deposits from mines and the calcium carbonate 
precipitation capacity of Brevibacillus choshinensis in laboratory conditions. 
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Biomineralization of carbonates is a process quite associated to eukaryotic and prokaryotes 
physiology (Weiner & Dove 2003). In recent years there has been growing interest for 
biomineralization because of the organism capacity to mobilize metals sequester CO2 and 
precipitate different compounds to form complex structures (Gadd 2010). 
 
Microorganisms in particular bacteria have been linked to the precipitation of calcium carbonate in 
many natural environments as soils rivers seas and caves (Boquet et al. 1973). Due its ability to 
precipitate calcium carbonate crystals bacteria has been studied for several biotechnological 
purposes e.g. in the remediation of limestone monuments it was found to decrease the porosity of 
the stone surface. Also bacteria could improve soil compaction and stability. In concretes bacteria 
helped to increase the self-healing capacity in cement even it has been proposed as tool for 
reducing structure damages after an earthquake (Wang et al. 2014 ;  Pei et al. 2013 ;  Cheng & 
Cord-Ruwisch 2014 ;  Dhami et al. 2013  
 
Many countries have several researches about carbonate precipitating bacteria at levels of 
ecological. geological mineralogical and biotechnology. In Colombia the few studies had aimed to 
study technics for improving mechanical properties of soil (Montoya at al., 2005 ; González et al., 
2012) however comparing to other countries there are few studies about bacteria diversity in 
second deposits of carbonates and their forms of mineral crystallization.  
To our knowledge this is the first study of bacteria in calcium carbonate deposits in Colombia so 
this thesis research provides information of the bacteria diversity in an unexplored ecosystem. 
Thus the present work aimed: 
1. To study the bacterial diversity of the samples associated to second carbonate deposits 
(speleothems) from two mines “El Zancudo” and “El Toro” located in Antioquia. 
2. To isolate bacteria capable for precipitating calcium carbonate crystals and identify them by 





3. To study the calcium carbonate capacity of one isolate (Brevivacillus choshinensis) and the 
nature of their crystals by FTIRSEM and DRX produced at flask scale. 
 
To achieve the first goal two approaches were performed: a culture independent analysis by using 
Temporal Temperature Gradient Gel Electrophoresis which is based on direct analysis of PCR 
products amplified from environmental DNA. In this technic the electrophoresis is made under 
temporal temperature gradient conditions. As other Denaturing gradient technics the PCR 
amplicons have a 5´-GC clamp for avoiding the complete dissociation of dsDNA into single 
strands during electrophoresis. The different migration patterns of the PCR amplicons are 
determined by nucleotide differences and their melting point behavior. In consequence each band 
of the gel indicate a different microbial community (Rastogi & Sani 2011).  
The second approach was a culture depended analysis which consists on standard culture 
techniques using commercial growth media. This technic involves the isolation and 
characterization of microorganism. In our case the media used was B4 (Boquet et al. 1973) which 
permit to visualize crystal carbonate precipitation.  
For the mineral description of the calcium carbonate crystal three techniques were used:  
1. X-ray Diffraction (DRX).  The primary aim of crystal structure analysis by X-ray is to obtain 
information of three-dimensional structure at the atomic level. X-rays are electromagnetic (em) 
waves with a much shorter wavelength than visible light typically on the order of 1A°(=1×10-10m ) 
when X rays hit on any  material causes  a  scattering of X rays or neutrons by interaction with the 
atoms that make up the substance (Dyson & Institute of Materials 2004). When X rays or neutrons 
are diffracted by crystalline materials a measurable pattern of diffracted beams is obtained and 
these results can be analyzed to give a three-dimensional map of the atomic arrangement within the 
crystal and hence the molecular structures involved. The intensity of the reflected radiation is 
recorded using a goniometer this data generates a diffractogram which is plotted against the 
diffraction angle 2θ [°] (Luger 2013). 
2. Fourier Transform Infrared Spectrum (FTIR) is a powerful tool for identifying types of chemical 
bonds in a molecule by producing an infrared absorption spectrum that is like a molecular 
"fingerprint"(Rees 2010).  The IR spectrum can be obtained by passing radiation through the 
sample which generates a vibrational frecuency of functional groups or bonds present in the 
sample molecule each vibrational mode has a particular energy which is detectected and plotted in  
the peaks of the IR spectrum (Davis et al. 2001). The modes of vibration can be either stretching 
(change in bond length) or bending (change in bond angle). Stretching can be symmetrical (in 
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plane) or asymmetrical (out of plane) and the bending vibration is identified as rock or deformation 
when moved in the same or in opposite direction respectively (Rees.,2010). 
3. Scanning Electron Microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDX). SEM 
is an imaging method for revealing the surface features (texture) external morphology and 
chemical composition of specimens. This technic uses secondary electrons emitted when surface is 
hit with a beam of high-energy electrons (Tanaka. 2014). Besides, the secondary electrons signals 
that produce the SEM images, a variety of signals that include Backscatteered electrons, Diffracted 
Backscattered, visible light, heat and photons are generated and are also useful depending of the 
material. Usually SEM microscopies can be equipped with an energy-dispersive spectrometer to 
analyze microchemical composition of the sample. The EDX spectrum is generated when electrons 
are accelerated by a high potential (approx. 40.000 volts), this gives the electrons enough energy to 
eject electrons of the sample, a x-ray is produced when electrons from an outer orbit of the atom 
falls in to an inner orbit (Reimer, 2000).  
 
In this sense the work is divided in two chapters. Chapter 1 contains the TTGE analysis and the 
culture-dependent results along with the molecular identification of isolates.   Also the description 
of crystals produced by one isolate (Acinetobacter gyllenbergii) on solid media is showed.  
In Chapter 2 the calcium carbonate precipitation of the isolate Brevibacillus choshinensis is 
studied in liquid media at flask scale. Recollected crystals are described by DRX, FTIR and 
SEM/EDX. It is also discussed how B.choshinensis precipitated calcium carbonates crystals under 
conditions used in the laboratory. In a biotechnological level this is important because enables the 















1 CHAPTER 1 
 
Characterization of bacterial diversity associated to calcareous deposits and drip- waters 
from two Colombian mines 
 
Abstract 
Bacteria carbonate precipitation has implication in geological processes and important 
biotechnological applications. Those bacteria have been isolated from different calcium carbonate 
deposits (speleothems) in caves, soil, fresh and seawater around world. However, bacterial 
precipitation ability and diversity from calcareous deposits in Colombian remains unknown. The 
bacteria of carbonate deposits and drip-waters from two Colombian mines were investigated using 
Temporal Temperature Gradient Electrophoresis (TTGE) and culture dependent method. Samples 
were cultured on typical B4 medium and B4 supplemented with the collected drip-water. Results 
showed presence and dominance of Proteobacteria and Firmicutes; also they seemed to be most 
active phylums. Seven different genera, Lysinibacillus sp, Bacillus spp, Strenotophomonas sp, 
Brevibacillus spp, Methylobacterium, Aeromicrobium sp and Acinetobacter sp. were capable of 
precipitate calcium carbonates. FTIR and SEM/EDX were used to describe the structure of crystals 
produced by biomineralization of the isolated Acinetobacter gyllenbergii. Rombohedral and 
angular calcite crystals size of 90 μm were precipitated. Taken together, the results of this 
research provide information of the presence of complex bacteria communities in carbonates 
second deposits from mines and their ability to precipitate calcium carbonate in calcareous deposits 
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1.1. Introduction  
 
Biomineralization is a common process by which organism move different metals to form 
minerals. In recent years there has been a growing interest in biomineralization because of the 
ability of microorganisms to fix or mobilize metals, sequestering CO2 and precipitate different 
compounds of interest in various applications, such as calcium carbonates (Boquet et al., 1973 ;  
Dhami et al., 2013 ;  Perito & Mastromei, 2011 ;  Weiner & Dove, 2003). 
In a biotechnological level, studies related to calcium carbonate precipitating bacteria have been 
directed to the conservation of monuments, (Tiano et al., 2006 ;  Zamarreño et al., 2009a ;  Dhami 
et al., 2014 ;  Dhami et al., 2013b), soil improvement (Gurbuz et al., 2011 ;  Hata et al., 2011 ;  
González et al., 2012 ;  Cheng & Cord-Ruwisch, 2014 ;  Sarmast et al., 2014) removal of heavy 
metals,(Achal & Pan, 2014 ;  Kang et al., 2014) , self-healing  concretes (De Muynck et al., 2010 ;  
Qiu et al., 2014), and more recently carbon dioxide fixation (Han et al., 2013 ;  Yasumoto et al., 
2014 ;  Lee et al., 2014).  
Despite the technological interest of these microorganisms, the ecology, and physiological role of 
biomineralization and diversity of bacteria in secondary deposits of calcium carbonate, it is still 
unknown (Banks et al., 2010 ;  Perito & Mastromei, 2011 ;  Dhami et al., 2013a). However, it has 
been demonstrated that bacteria from cave environment are capable of precipitating calcium 
carbonate in vitro. Different species and genera have been isolated from cave second deposits 
environments as Bacillus pasteurii, Bacillus subtilis, Myxococcus xanthus, Bacillus 
amyloliquefaciens, Bacillus cereus, Pseudomonas flurescens, Micrococcus sp, Rhodococus and 
Arthrobacter sp and many others (Achal et al., 2010 ;  Chekroun et al., 2004 ;  Rivadeneyra et al., 
2006 ;  Rusznyák et al., 2012). In addition, it has been suggested that bacteria have a direct 
relationship to the carbonate deposition and speleothem development (Cacchio et al., 2012 ;  
Cacchio et al., 2004 ;  Rusznyák et al., 2012).  
Most of the researches concerning to the profile of microbial communities in speleothems have 
used a culture-dependent approach which revealed that common phylum in those environments are 
Firmicutes, Proteobacteria and Actinobacteria (Dhami et al., 2014 ;  Banks et al., 2010 ;  Ikner et 
al., 2007 ;  Cacchio et al., 2012 ;  Cacchio et al., 2004 ;  Cacchio et al., 2003 ;  Rusznyák et al., 
2012 ;  Laiz et al., 1999). Culture independent studies based on partial analysis of the 16S rRNA 
gen by clone library methods (Rusznyák et al., 2012 ;  Rooney et al., 2010 ;  Ortiz et al., 2013 ;  





Schabereiter-Gurtner et al., 2004) suggested that Proteobacteria, Actinobacteria and Acidobacteria 
are the dominant phylums. Metagenomic approaches in a karstic cave showed functional bacteria 
genes associated to low nutrient, high calcium adaptations and a nitrogen based metabolism (Ortiz 
et al., 2013 ;  Ortiz et al., 2014).  
Two hypotheses have been proposed to be responsible for the precipitation of calcium carbonate in 
bacteria process. The first focuses on passive or influenced biomineralization, where the metabolic 
activity of a heterotrophic (ureolytic bacteria and sulfur reducing bacteria) or autotrophic 
(cyanobacteria) favors an pH increase, following by the generation of carbonate ions (CO32-), 
which could precipitate to CaCO3 in the presence of calcium ions Ca+2 (Almahamedh, 2013). The 
second hypothesis is activated or induced biomineralization. In this mechanism, bacteria regulate 
calcium input and output through proteins channel, non-protein and calcium antiporter ATP-
dependent pumps. Ca 2+ ions expelled by bacteria in the presence of CO32- lead to the formation of 
calcium carbonate. In both cases, it is suggested that the cell wall of the bacteria or an extracellular 
matrix may act as nucleation site for the crystallization of calcium carbonate (Perito & Mastromei, 
2011 ;  Aloisi et al., 2006 ;  Bosak & Newman, 2003). 
Until today, these calcifying bacteria have been isolated mainly from seas (Rivadeneyra et al., 
2006 ;  Rivadeneyra Torres et al., 2013), secondary deposits such as stalactites and stalagmites in 
caves without human intervention and soil (Banks et al., 2010 ;  Rusznyák et al., 2012 ;  Dhami et 
al., 2014). In most of these studies, bacterial isolation was performed using artificial media and 
natural media (especially seawater) (Rivadeneyra Torres et al., 2013). However, there are few 
related diversity studies of microorganisms and the calcium carbonate precipitation ability in 
calcareous deposits located in areas with human intervention (Montoya et al., 2005).  
To obtain additional information regarding  bacterial composition of the calcareous deposits from 
Colombian mines, both conventional microbiological methods and culture-independent molecular 
tools were used, including temporal temperature gradient electrophoresis (TTGE), which is based 
on the fingerprints of the amplified 16S rDNA gene. This study is the first research work on 
bacterial diversity of speleothems and drip water of the mines  “El Zancudo” and “El Toro” in 
Colombia. Scanning Electron Microscopy (SEM) and Fourier Transformation Infrared 
Spectrometry (FTIR) were used to describe the structure of crystals produced by biomineralization. 
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1.2. Materials and methods  
 
1.2.1 Description of sampling sites 
 
The mines samples were collected on March 2013 and June 2013.  Mines El Toro and El Zancudo 
are located in Central Cordillera northeast of Colombia (5 ° 47'26 "N 75 ° 25'37" W, 6 ° 3'45 "N 75 
° 47'37" W) (Figure. 1).  "El Toro" is a limestone mine located near to Abejorral (Antioquia, 
Colombia) (Figure. 1A, C, E). The rocks in the mine are mainly marbles which are presented 
interspersed with schist and quartzite consisting mainly of calcite graphitesome white mica and 
occasionally at low rates pyrite (Castro et al. 2007). The climate is warm with an average 
temperature of 20°C throughout the year. The mine has 4 levels or blocks above The river “Buey”. 
Two sites were sampled: Zone I in level 1 located at 1032 m.a.s.l. and Zone II in level 4 located at 
920 m.a.s.l.; in both places there was the presence of secondary calcium carbonate deposits 
(stalactites and curtains) (Figure 2 ). "El Zancudo" is a gold mine located near the town of Titiribí 
(Antioquia, Colombia) (Figure. 1A, B, D). The mine was significant because it had been exploited 
in the late nineteenth century and was for decades the center of gold mining in the region but was 
closed due the depletion of the resource. The weather in the region is 20 °C average throughout the 
year and annual rainfall is between 1500 mm and 2000 mm,three zones (Zones I. II. and III) were 






Figure 1. Localization and map representation of the Sampling areas A) Localization of Titiribí and 
Abejorral in Antioquia. Colombia B) Entrance to the gold mine “El Zancudo”. C). The Cairo Cement Plant 
and mine “El Toro”. D) Tunnel Independencia in “El Zancudo” mine samples corresponds 140 m in  the  
tunnel. Zone I is located between 121 and 140 m. Zone II between 60 and 66 m and Zone III at 22m. E) 
Location of the sampling areas in “El Toro”mine. Zone I is locate at 1132 m.a.s.l  in Level 1 (B 1) and Zone 




1.2.2 Collection of samples 
In both sampling places, fragments of speleothems were carefully removed with a chisel and a 
geological hammer. It was collected approximately 30 g of each speleothem and 250 ml of drip 
water under aseptic conditions. 
In the zone I of mine El Toro was a slope of about 7 m long and 6 m high, along the slope there 
was the presence of speleothems as curtains totally white or  half red  (Figure 1E and Figure 2B, 
2D, 2E, F and G  ).  At Zone II  located on level 4 the slope had 5 m long and 6 m high,  deposits 
were curtains with a red color and  totally white color (Figure 2C and H). In total 17 samples from 
the two zones were taken (Table 1). 
In the gold mine “El Zancudo” three zones were sampled in the first 140 m from the entrance of 
the mine through the “Independencia” tunnel. It was taken 20 samples including curtains with 
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different colors (white, red and black), stalactites and cave pearls (Figure. 3).  Table 1 describes 
each collected sample.  
Collected material was placed in sterile bottles of 500 ml and stored at ~ 4 ° C in styrofoam coolers 
for transportation to the laboratory. In the case of liquid samples (drip water) the pH redox 
potential (Eh) temperature and dissolved oxygen were measured using HACH HQ30d equipment. 














Table 1. Morphology description of samples taken from mines “El Zancudo” and “El Toro”. 
EL TORO MINE EL ZANCUDO MINE 
ZONE  Name  Sample description ZONE Name Sample description 
ZONE I  




T2 Drip- water ZI2A Red curtain 
T3 Drip- water ZI3B White curtain 
T4 Drip- water ZI4B Red curtain  
T5 White curtain ZI5C Cave perls 
T6 Half-red curtain ZI6C (L) Half red curtain (Lateral) 
T8 Half-red curtain  ZI6C White curtain 
T10 Drip water ZI7D Black curtain 
T11 Half-red curtain ZI8D Drip- water 
T12 Drip- water ZI9D White curtain 
ZONE II  
T13 Drip- water ZI10D White curtain 
T14 
Red curtain  plus drip-
water 
ZI12D Drip- water 
T15 
Red curtai plus drip-
water 
ZI11E Stalactite 
T16 Red curtain 
ZONE 
II 
ZII13A Drip- water 
T24 White curtain ZII14A White curtain in roof 
T27 Drip- water ZII15A White  curtain 
T29 
Red curtain plus drip 
water 
ZII16B White curtain on floor 
ZII17B Black curtain 
ZII18B Cave perls 
ZONE  
III 
ZIII19 White curtain 









Figure 2. Some samples collected in mine “El Toro”. A) Drip-water sample T3.  B and F). White curtain sample T5 
.C) Red curtains   T16  and  red curtains plus drip water T14 and T29  in Zone II . D, E,G)  Half –red  curtain samples 
T11, T6 and T8.  H) White curtain sample T24 in Zone II.  
 
Figure 3. Some samples collected from mine “El Zancudo”.A) Stalactites ZIA1.  B) Red curtain ZI2A C) 
Cave pearls ZI5C D) Black curtain ZI7B and white curtain ZII15A E) White curtain F) White curtain ZI6C 






1.2.3 Isolation of precipitating bacteria 
Precipitating bacteria were isolated in B4 media (Boquet et al.. 1973) (4g yeast extract. 2.5 g of 
calcium acetate. 10 g of glucose and 18 g agar per liter of distilled water and a final pH of 6.63 ± 
0.01) and media supplemented with drip water took from each of the mines (B4DT= B4 with Drip 
water from El Toro  and B4DZ= B4 with Drip water from El Toro  ), the  final  pH  was 6.73 ± 
0.006 for the medium prepared with drip water from “El Toro” mine, and 6.91 ± 0.004 for the 
medium supplemented with water from  “El Zancudo”  mine respectively.  
Drip water samples were plated directly on the Petri dish with media. Speleothems were crushed 
with a sterilized hammer and 10 g of each sample was resuspended in 40 ml of sterile distilled 
water and vortexed for 5 min. Then, 100 µl of the suspension was inoculated on the medium 
surface in duplicate. Plates were aerobically incubated at 30°C for 8 days in darkness and bacterial 
counts were performed including crystal- forming and non-crystal forming cells. Once the 
formation of crystals was visualized, pure colonies were re-isolated in B4D media at least three 
times and the pure isolates were characterized by gram stain and analysis of ribosomal intergenic 
spacer regions (RISA or IGS) (Jensen & Straus,. 1993).  The Intergenic Spacer Region (IGS) 
patterns were resolved by polyacrylamide gel electrophoresis and the gel analysis were made by 
software Gelcompar II (Applied Maths Biosystems, Belgium). For long-term preservation, all 
isolates were stored in B4 medium in 20% glycerol at –20 and –80 °C. 
Selected isolates were identified through 16S rRNA gene sequencing. Amplicons that were 
approximately 1400 bp long were purified and sequenced by Macrogen (Seoul, Korea) in both 
directions with the primers Eubac27F and 1492R (Weisburg et al.,. 1991) on an ABI PRISM 3100 
Genetic Analyzer (Applied Biosystems,. Carlsbad, CA, USA). Sequences were edited using the 
program BioEdit® (Hall,. 1999) and compared by BLAST (Altschul et al., 1997) with reference 
sequences from the Genbank database and the Ribosomal Database Project (RDP). Chimeras were 
checked by DECIPHER (Wright et al.,. 2012). The sequences were aligned with MEGA software, 
version 6 (http://megasoftware.net/) and phylogenetic three was generate by neighbor joining 
method (Saitou & M,. 1987). The evolutionary distances were calculated using Jukes-Cantor 
method and 1000 bootstrap replicates.  
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1.2.4  Bacterial community analysis by temporal temperature gradient gel electrophoresis 
(TTGE) 
 
Total bacterial DNA was extracted from fragments of solid samples that were resuspended and 
vortexed in 50ml Falcon with 20 ml of sterile water for 2 minute, and then centrifuged for 10 min 
at 3000 rpm. Big fragments of speleothems were removed and falcon centrifuged again. The pellet 
was removed with Pasteur pipette and trespassed to eppendorfs and centrifuged at 12000 rpm to 
remove the remaining water. In the case of liquid samples (drip waters) 50 ml of each one were 
centrifuged at 15000 rpm, the little sediment recovered and 500 µl of water was used for DNA 
extraction.  Genomic DNA was isolated using the UltraClean Soil DNA Isolation Kit (Mo-Bio 
Laboratories).  DNA extracts were quantified using the NanoDrop 2000 spectrophotometer (Termo 
Scientific). The extracted and purified DNA ranged from 2.0-40 ng/µl per sample.  
Seven DNA samples from mine “El Toro”, T5, T6, T8, T11, T14, T16, and nine samples from “El 
Zancudo”, ZI1A, ZI2A, ZI4B, ZI5C, ZI6CL, ZI9D, ZII11E, ZII13A, ZII14A (Table 1) were 
subjected to Temporal temperature gradient gel electrophoresis (TTGE). DNA samples were used 
as a templ to 16S rRNA gene amplification between the V3 and V6 regions with specific primers 
907R and 341F-GC (Muyzer et al., 1993 ;  Gomez et al., 2011). The product of 500pb obtained 
was visualized by 2.5% agarose gel electrophoresis. The TTGE analysis was performed using the 
Dcode Universal Mutation Detection System (Bio-Rad). Policrylamide gels 16 cm by 16 cm were 
prepared with 6% (wt/vol) acrylamide stock solution (acrylamide-bisacrylamide; 37.5:1) and a 
final urea concentration of 6M. Gel lanes were loaded with 8–15 µl PCR products depending on 
the agarose electrophoresis band intensity. The electrophoresis was runned with 1X TAE buffer, at 
a constant voltage of 55 V for 15h, with an initial temperature of   66 ◦C and a final temperature of 
69 ◦C, temperature was increased 0.2 ◦C per hour. After run, the gels were stained with AgNO3 and 
digitized with a scanner.	  Banding patterns were analyzed through Dice similarity and UPGMA 
clustering method (Legatzki et al., 2011) using the Gelcompare software (Applied Maths Bio- 
systems, Belgium) to state differences in diversity and abundance profiles among the samples. The 
number of bands in each lane were used as presence-absence matrix for computing Richness (S) 
(Reveco et al., 2014). For testing statistically significant differences the ANOSIM tests using 9999 
permutations was run (Clarke, 1993). All analysis were performed in the free software PAST 3.05 
(http://folk.uio.no/ohammer/past/). 
Bands of interest were excised and the DNA eluted using the soak and crush method (Sambrook et 





(without the GC tail) and 907R. Purified bands were cloned in the pJET1.2 of the CloneJET PCR 
Cloning Kit (Termo Scientific) according to the manufacture’s protocol. Vector inserts were re-
amplified and sequenced in both directions by Macrogen (Seoul, Korea). The sequences that were 
thus obtained were edited using the BioEdit® program (Hall, 1999) and the presence of chimeric 
sequences were evaluated though DECIPHER (Wright et al., 2012). The edited sequences were 
compared with known sequences in the GenBank database using the basic local-alignment search 
tool (BLAST) (Altschul et al., 1997) and the sequence match tool of the Ribosomal Database 
Project (RDP) website (Cole et al., 2009).  
1.2.5 Harvesting of calcium carbonate crystals 
 
One isolated bacteria was inoculated in duplicate on solid media (B4DT) at 30 °C, for 20 days. 
Mineral products obtained from growth on solid media were harvested by melting the agar in a 
water bath, and then centrifuged at 2500 rpm for 5 min. Repeated washing with distilled water 
(neutral pH) was made to remove excess of agar (Zamarreño et al., 2009a).  
1.2.6 Scanning electron microscopy and analyzer energy dispersive X-ray (SEM / EDX) 
 
To visualize the microscopic morphology of calcium carbonate crystals and define their 
microchemistry was used a JEOL JSM 5910 LV with a spectrometer energy dispersive X-ray 
(EDX) model 7324 (Oxford Intruments). Analyses were performed on samples coated with gold 
and graphite, using an acceleration voltage of 10-15kV and working distance of 10 mm (Benzerara 
et al., 2003).  
1.2.7 Fourier transforms Infrared Spectrophotometry (FTIR) 
 
The precipitates obtained were measured using a Shimadzu FTIR 8400S spectrometer in range of 
400 to 4000 cm-, 4 spectral resolution and 48 scans (Rusznyák et al., 2012). One mg of the powder 
obtained by pulverization and passed through the 200-mesh sieve was mixed with 100 mg of KBr. 








1.3.1   Sample analysis 
Physicochemical parameters as pH, redox potential (Eh), dissolved oxygen and temperature 
measured in drip waters from both mines were not significant different. Both, “El Zancudo” mine 
and “El Toro” were in pH range from 7 to 8, Eh was between 140 and 170 mV, dissolved oxygen 
between 7 and 7.5 mg / L and temperature between 19 and 21 °C  (Table 2). 
 
Table 2. Physicochemical parameters measured in effluents.	  
  El Toro Mine El Zancudo Mine p (Kruskal- Wallis 
test )>0.05 
Parameter ZONE I ZONE II ZONE I ZONE II ZONE III 
Temperature 




173.7 174.6 145.5 133.7 145.7 0.46 




7.43 7.51 7.12 7.26 7.45 0.4 
 
1.3.2   Bacterial diversity through TTGE 
 
The bacterial community structure of two different mines “El Toro” and “El Zancudo” was carried 
out using the TTGE technique which enabled the differentiation of 16S rRNA gene fragments of 
approximately 585 bp (Fig. 4) with the assumption that each of the bands in the different patterns 
represents a group of bacteria. The results of the banding profiles evaluated using the program 
GelCompar II revealed the presence of several migration patterns.  From this gel analysis 52 
unique and common DNA bands were selected based on the band intensity. Richness was assessed 
by determining the number of TTGE bands the total analyzed bands from mine “El Toro” were 18 
while in “El Zancudo” mine were 34, difference was not significant (p=0,2503) indicating similar 
levels of bacterial richness in both mines. Profiles evaluated using Dice similarity with the program 
GelCompar II generated a dendrogram which indicated both mines have relative similarity (Fig. 5), 
since there is not cluster separation. However, some samples from “El Zancudo” mine exhibited 
more local similar diversity patterns forming a group of 40.4 % and a 66.7% of similarity, which 





there is no significant difference (R= 0.2411) between the two mines (large positive R values (up 
to 1) signifies dissimilarity between groups)(Clarke, 1993).  
The common bands to all or most lanes, as well as unique banding patterns that were successfully 
re-amplified, cloned and sequenced from the TTGE gels, were linked to specific bacterial groups 
according to similarity in 16S rDNA sequences held in public databases. The results of the 
phylogenetic affiliations are summarized in Table 3. 
Nine representative bands were selected. A sequenced of 400 bp approx. was obtained and 
affiliation (Table 3) shows the phylum Proteobacteria was dominant including genera like 
Ideomarina sp. (Bands Z1 and TC), Aeromonas sp. (TA) and  Psychrobacter sp. (2Z).  Genera like 
Sporosarcina sp. (band 4Z) and Selenomonas sp. (TD) belonging to Firmicutes was also found in 
the samples. The 3Z band was only present in El Zancudo samples. According to its affiliation, the 
population belongs to Gaiella sp. a member of the phylum Actinobateria.  
 
 
Figure 4. Montage of TTGE gels. It shows the bacterial 16S rDNA gene fragment profiles from 
speleothems and drip-water samples which DNA concentration were enough for PCR. The codes 
above each lane indicate the name of samples; labels are named with “Z” for El Zancudo and “T” 
for El Toro samples. The same nomenclature were used for Z and T bands. An arrow shows the 
bands that were excised and their ID. The identities of each band are displayed in Table 3. Lanes L:  
marker of 100 bp (SM0243, Termo Scientific) were used as reference for normalize gels in the Gel 
Compare II software. 




Figure 5. UPGMA –DICE clustering analysis of bacterial diversity based on TTGE profiles from 
calcareous deposits and drip water. The numbers on each node indicate the percent of similarity. 






1.3.3 Isolation and identification of isolates  
After two days of incubation, bacterial growth was evident in samples from the two mines. After 
three days, formations of calcium carbonate crystals in some bacterial colonies were observable 
using the stereoscope.  
From the 17 samples collected in “El Toro” mine there was growth of bacteria in 13 of them. No 
bacterial growths were observed in sample T2, T3, T4 and T10, which were dripping waters from 
Zone I. The samples T11 (white curtain) and T5 (red-white curtain) have the highest number of 
bacteria counts for both media with 5x103 CFU / ml.  In Zone II, the sample with higher bacterial 
growth was T24 (white curtain) with 4x102 CFU/ml.  
From the 20 samples of the “El Zancudo” mine growth of bacteria occurred in 18 samples.   No 
growth in samples from drip waters was see (ZI8D taken near the precipitation of a black mineral 
and ZI13A taken on the roof of the mine at Zone III). From the 18 samples bacterial count in 
B4DZ medium supplemented with drip-water ranged between from 1,4x103 CFU/ml to 3x103 
CFU/ml whereas in B4 medium it was lower with a magnitude order between 10 - 90 CFU/mlN 
(See Appendix 1).  
It is noteworthy that the number of different colonies with calcium carbonate precipitation capacity 
was higher in medium B4DT and B4DZ for all samples. The sample with the highest number of 
colonies with precipitating calcium carbonates was T11 in which eight different colonies were 
isolated, five from B4DT medium and three from B4. In the remaining samples were observed one 
to two colonies in B4 medium with carbonates and one to four colonies in medium B4DZ.  In some 
colonies, no crystals were observable by stereomicroscope. It is the case of samples T29, ZIII19, 
ZI4A, ZI2D, ZI6B and ZI7D.    
A total of 39 colonies with different morphotypes and capable of precipitating calcium carbonate 
were isolated and purified. Both Gram negative bacteria (43%) and Gram positive (56%) were 
found. The intergenic spacer region (IGS) banding pattern analysis of the 39 isolates generated a 
dendrogram with 15 clusters 50% similar (Appendix 2). One colony or two of each cluster was 
selected, features such as capacity of calcium carbonate precipitation and fast growth were 
considered for the molecular identification.  No colonies were selected from cluster 6, 13 and 15 
due their slow growth and low production of crystals.   






A total of 15 isolates (Figure. 6) were selected and sequenced the 16S rRNA gene from position 27 
to 1492 (corresponding to the position in Escherichia coli). All of the sequences had high 
similarity (98–100%) with reported sequences in Genbank and Ribosomal Database Proyect 
(RDP). Based on the phylogeny of related sequences in databases, three bacterial groups were 
identified at the phylum level: Firmicutes, Proteoacteria and Actinobacteria, within them seven 
different genera were isolated from both mines: Lysinibacillus, Bacillus, Strenotophomonas, 
Brevibacillus, Methylobacterium, Aeromicrobium and Acinetobacter (Table 3 and Fig. 7). 
 
 
Figure 6. Calcium carbonate precipitating strains selected from cluster analysis (Appendix 2). The 
arrow indicates the calcium carbonate crystals precipitated by Acinetobacter gyllenbergii. It also 





Table 3. Identities of bacterial sequences of bands excised from TTGE gel and taxonomic identification of 







Oringin TGGE Band ID 
NCBI 
Access # 
Closest relative (accession 
no.) 
Simiilarity 
(%) Phylogenetic affiliation 
ZI4B 3Z KR108932 Gaiella sp ( JF423906) 84 Actinobacteria 
T5 TA KR108935 Arcobacter sp (AJ607391) 90 Epsilonproteobacteria 
ZI5C 4Z KR108933 Sporosarcina sp  (DQ073394) 90 Firmicutes 
 T11 TD KR108938 Selenomonas sp( AB849360) 91 
ZI6CL 5Z KR108934 Pseudoalteromonas sp(AY040230) 
94 
Gamma  Proteobacteia 
 
T8 TC KR108937 Idiomarina sp  (NR_117523) 94 
ZI4B 2Z KR108931 Psycobacter sp  (AM180733) 99 
T5 TB KR108936 Pseudoalteromonas sp (FR750950) 
92 
ZI1A 1Z KR108930 Idiomarina sp. (NR_117523) 94 
Origin Isolate Access # Closest relative (accession no.) 
 Phylogenetic affiliation 
T15 23T15 KR006241 Aeromicrobium erythreum (NR_024846.1) 
98 Actinobacteria 
T16 20T16 KR006244 Methylobacterium rhodesianum (NR_112236.1) 
99 Alpha Proteobacteria 
ZI5C 1ZI5C KR080576 Lysinibacillus fusiformis (FJ614251.1) 
99  
 





ZII17B 12ZII17B KR006245 Bacillus gottheilii (NR_108491.1) 
99 
ZI6C 26ZI6C KR080573 Brevibacillus brevis 99 
T5 17T5 KR006247 Lysinibacillus fusiformis 99 
T11 11T11 KR080574 Bacillus  thuringiensis  98 
ZI6C 7ZI6C KR080578 Bacillus thuringiensis  98 
T11 4T11 KR006240 Bacillus cereus (NR_114582.1)  
T11 12BT11 KR006242 Bacillus pumilus  (EU350371.1) 
99 
ZII15 29ZII15A KR080579 Brevibacillus choshinensis  (D78460.1) 
99 
ZI1A 23ZI1A KR080575 Brevibacillus  reuszeri 98 
T11 12AT11 KR006246 Acinetobacter gyllenbergii (NR_042026) 
97 
Gamma Proteobacteria ZI6C 8ZI6C KR080577 Stenotrophomonas maltophilia   (DQ230920.1) 
98 




Figure 7. Phylogenetic tree based on the 16S rDNA sequences obtained from bacteria isolated from 
mines. The tree was generated with reference sequences from the Ribosomal Database using neighbor 
joining method with 1000 bootstrap replicates. The evolutionary distances were calculated using the 









1.3.4 Crystal analysis: (SEM) with EDX and FTIR 
Scanning Electron Microscopy (SEM) and Fourier Transformation Infrared Spectrometry (FTIR) 
were used to describe the structure of crystals produced by biomineralisation by Acinetobacter 
gyllenbergii. Acinetobacter sp is known to precipitate calcium carbonates by unspecific way 
(Hammes & Verstraete,. 2002). Interestingly,  we saw that light yellow crystals grew on the 
surface of the colony and not around the colony as most of the ureolytic and sulfur reducing 
bacteria do on solid agar (Dhami et al., 2013).  Furthermore, bacteria could grow fast and 
productions of crystals were high on solid agar. Thus one colony 12A11 (Acinetobacter 
gyllenbergii) (Fig.6) was inoculated on B4DT. The light yellow crystals that grew on the colony 
surface were collected and observed by scanning electron microscope (SEM). Figure 8 shows a 
grain of calcium carbonate formed by the aggregation of micro rhombohedral crystals, structurally 
aligned, displaying angular and cleaved surfaces. Size of the microcrystals were around 90 μm.  
Figure 8E is a typical microanalysis of the precipitated crystals, showing minor amounts of copper 
(0.9 wt %) and magnesium (0.31 wt %), probably in solid solution. FTIR spectra (Appendix 3), 
showed bands corresponding to calcite, in: 1430 cm-1, asymmetric stretching ν3,	  with; 870 cm-1, out 
of plane bending ν2; and 715 cm-1.  
 
 
Figure 8 Scanning electron microscopy of calcium carbonate crystals harvested from A. gyllenbergii scanning 
microscope. A,B) Grains of  rhombohedral crystals. C) Close-up of crystal surphase in image B. It shows 
angular and cleaved surfaces. D) Close-up of image angular surface of image A. E) Microchemical analysis of 
crystal from image D. 
 




1.4   Discussion  
The aim of our study was to evaluate the bacterial community from speleothems and drip waters of 
the “El Zancudo” and “El Toro” Colombian mines using both culture-dependent approaches and 
culture-independent techniques (TTGE and sequence analysis of the 16S rRNA gene). In addition, 
we sought to determine the relationships between the members of those phyla that were capable of 
precipitate calcium carbonates. According to the TTGE principle, each band theoretically 
represents a different bacterial population present in the community. Thus, the richness of bacterial 
population in sample is reflected by number of TTGE-DNA bands (Reveco et al., 2014 ;  Legatzki 
et al., 2011), although the number of bands may not necessarily represent the exact number of 
phylotypes (Neilson et al., 2013 ;  Farnleitner et al., 2000).  
In our study the dominant bacteria species belonged to the phylum Proteobacteria. This 
dominance was also observed in calcareous deposits from different caves by using finger printing 
and metagenomic technics (Rusznyák et al., 2012 ;  Legatzki et al., 2011 ;  Portillo et al., 2009). 
Actinobacteria is also reported as the second abundant phylum after Proteobacteria in speleothems 
associated to caves (Ortiz et al., 2014). Whereas, culture dependent and independent analysis in 
this study may suggest a low abundance of Actinobacteria since the sequence of band 3Z affiliated 
with Gaiella sp which are member of the phylum Actinobacteria appear only in samples from mine 
El Zancudo and a weak band in sample T11 from El Toro. Indeed one isolate (Aeromicrobium sp.) 
belonging to Actinobacteria was recovered. However the presence of smears in all the lanes of the 
gel suggest that there were other important bacterial groups in lower abundance (Smalla et al., 
2007). Most of the culture-dependent studies have reported Firmicutes as the dominant phylum 
(Banerjee & Joshi,. 2014 ;  Dhami et al.,. 2013 ;  Cacchio et al.,. 2003) as it was observed in this 
study the majority of the isolates (11 of 15) belong to the Bacilli family. Cacchio et al,. 2003   
reported the isolation of bacteria from a limestone cave and loamy soil in medium B4; 63% of 
isolates were Bacillus sp, Arthrobacter 16%,1% Xanthomonas sp.  and 1% Kingella sp. Another 
report compared the precipitation capacity of Bacillus sp. with other bacterial genera isolated from 
saline soils, reporting that Bacillus sp. prevails in those sites (Rivadeneyra et al., 1993). Two 
sequences from excised bands affiliated to Firmicutes, corroborating culture independent reports 
which suggest low Firmicutes abundance (Rusznyák et al., 2012). However, in the TTGE gel 
bands of Firmicutes appear to be very wide and intense in some samples.  Nonetheless, while the 





members, the debate remains as to whether those communities that appear to be relevant are in fact 
the most active in the ecosystem. In our case, the detection and incidence of known culturable 
genera as dominant in the TTGE analysis might suggest that their 16S rDNA sequences belong to 
the most environmentally suited individuals that persisted over the members of the community able 
to adapt to the cave stressed conditions, which in this case may be the result of low nutrients and 
darkness. However, in the case of those mines carbonate communities are presumed to be 
sustained by dissolved organic matter and sediments from photic surface ecosystems that enter the 
cave through the drip water ( Simon et al., 2003; Ortiz et al., 2013; Ortiz et al., 2014).	  	  
Pattern profile analysis by classical clustering and ANOSIM test indicated that bacterial population 
associate to speleothems from the two mines is similar. These results could be consequence of the 
similar environmental conditions (temperature, pH dissolved oxygen and redox potential) inside 
the mines.  Geographically, both mines are located in the north of the Central Andes Cordillera and 
samples were collected around the same season. 
The culture-dependent analysis of secondary calcareous deposits and their precursors (dripping 
waters) from mines El Toro and El Zancudo showed differences in CFU counts depending of the 
sample origin. In this study was observed that the highest growth of bacteria derived from curtains 
and stalactites, with counts of 103 CFU / ml. Previous reports have documented the growth of 102 
and 104 CFU / g in B4 medium from stalactites samples of a karstic cave (Rusznyák et al., 2012).  
In the B4DZ medium (sumplemented with drip water “El Zancudo” mine) colony counts and 
precipitation of carbonates was higher than in B4 media. B4 precipitation medium has been 
commonly used to assess in- vitro the calcium carbonate precipitation capacity of bacteria isolated 
from different ecosystems such as caves, soil and water (Boquet et al., 1973 ;  Marvasi et al., 
2012). However, according to Marvasi et al., (2012) the effectiveness of the B4 medium is partial 
for testing environmental isolates, since the buffer capacity of medium is low at pH between 6.5 
and 7.5 so a small variation in the concentration of protons affect the pH of the medium. Therefore 
bacterial metabolism produces rapid changes that could lead the alkalization or acidification of the 
medium. It has been reported that the initial pH optimum for the precipitation of calcium carbonate 
is 8-9 for ureolytic bacteria such as Bacillus pasteurii (Okwadha & Li,. 2010). The pH used in our 
study was 6.63 for B4 medium and pH 6.73 for B4DT medium and 6.91 for B4DZ. Clearly, the 
mediums did not have a basic pH such as it has been used in several reports (Rusznyák et al., 2012 
;  Marvasi et al., 2012) however, there was precipitation on B4 and a larger number of colonies 
were evident on supplemented medium. Although the pH in this case does not explain why in the 
	  	  	  	  	  
35	  
	  
B4DT or B4DZ medium was observed a greater number of precipitating colonies than in B4, it 
must take into account other factors in the precipitation of calcium carbonate, for example the 
influence of other cations. It has been reported that calcium concentration (Ca2 +), magnesium 
(Mg2+) and zinc (Zn 2+) favor the saturation index, increasing precipitation (Rothenstein et al., 2012 
;  Sánchez-Román et al., 2011).  
Although in the methodology of this study the measurement of chemical elements in drip- water 
was not provided, it is likely that those waters taken as a supplement to the media had presence of 
metal cations. Because dripping waters in its way through fractured rock could leach different 
elements (Fairchild et al., 2006) which could provide metals to the supplemented media, favoring 
calcium carbonate precipitation and grown in the medium supplemented with drip water. In this 
sense, the presence of trace elements like Cu and Mg were evident in the microchemical analysis 
of calcite crystals by SEM / EDX. These elements might play an important role in the 
precipitation, increasing nucleation sites for calcium carbonate crystals and making the difference 
for improving performance in the medium with drip-water-. However, there is much controversy 
about the role of metal ions in the growth of calcite, the majority of authors agree that only small 
amounts of these elements could accelerate growth but generally it is clear that the increase in the 
concentration of metal ions decreases the growth kinetics of the crystals (Meyer, 1984 ;  Nielsen et 
al., 2013). Related to copper there is the possibility that catalyze growth of calcite crystals, 
although there are studies that suggest it is the opposite, a growth inhibitor; however, the 
concentrations tested were somewhat higher (Parsiegla & L Katz, 2000 ;  Parsiegla & Katz, 1999). 
Today it is known that bacteria from second deposits in caves demonstrate an enhanced capacity to 
precipitate calcium carbonate minerals and also play an important role precipitating biogenic 
calcium carbonates in the speleothems (Banks et al., 2010). In these sense SEM and EDX were 
used to analyze the crystals of one isolate belonging to 12AT11 (Acinetobacter gyllenbergii). 
These bacteria also showed a fast growth and relatively high amounts of precipitates. Crystals in 
the Micrographs showed angular shapes, like triangular or spikes. Several authors have reported 
that the shape of the crystals and the mineral phase under similar growth conditions could be 
different depending on the bacteria specie (Banerjee & Joshi, 2014 ;  Rusznyák et al., 2012).  
Microchemical analysis indicated that in crystals the principal elements are carbon, oxygen and 
calcium. FTIR analysis confirmed that crystals are stable forms that acquired calcite structure. It 
has been reported that the most common mineral phase by microbial biogenesis is calcite and 
aragonite (Rusznyák et al., 2012). However, it is also depends of the media, e.g. solid or viscous 





environments tend to precipitate aragonite (Rivadeneyra et al., 1998). Members the Acinetobacter 
genera are known to produce aragonite and calcite (Ferrer et al., 1988), but  Acinetobacter 
gyllenbergii had not been reported previously to precipitate calcite. 
Although mines are not strictly cave environments because they have been constantly intervened 
by humans, culture dependent and independent analysis suggest that biodiversity is considerably 
close to cave speleothems, since in our analysis there are common genera that have been 
previously reported.  Also it was showed that bacteria can be cultivated on typical B4 medium, but 
supplemented medium with the drip water may give better result for precipitating calcium 
carbonates because it mimics conditions of the environment.  The present study is the first report to 
show that 16S rDNA sequence analysis of the cultured bacteria and the resulting TTGE profiles are 
useful tools for characterizing the diversity of the bacteria associated to calcareous deposits from 








2. CHAPTER 2 
 
CARBONATE CRYSTALS PRECIPITATED BY Brevibacillus choshinensis ASSOCIATED 
TO SPELEOTHEMS.  
 
2.1 Introduction 
Precipitation of calcium carbonate by bacteria is a process in which several metabolic pathways 
related to the nitrogen and sulfur, and the exchange of calcium and hydrogen ions are involved. 
These correspond to mechanisms that promote environmental alkalization (Perito & Mastromei,. 
2011). Bacterial surface also plays an important role due the presence of several negatively 
charged molecules in which metal ions could be bond on bacterial walls (Barabesi et al., 2007 ;  
Beveridge, 1989). Nevertheless, it has been proposed that the process is generally passive, which 
means bacteria do not control biomineralization as eukaryotes do (Perito & Mastromei, 2011). 
However, some genes seem to be involved in the process because intracellular calcium must be 
maintained at low levels in the cell. It has been found that deletion of the gene for the Ca2+/2H+ 
antiporter chaA could inhibit growth of bacteria in high calcium environments (Banks et al., 2010). 
Also, the gen etfA, located in operon icf, and involved in fatty acid metabolisms, is possibly 
important for the precipitation of calcium carbonate (Barabesi et al., 2007). 
 
Precipitation of calcium carbonates results in the production of different phases of calcium 
carbonates like: calcite, aragonite, vaterite, amorphous calcium carbonates and hydrated crystalline 
phases (Dhami et al., 2014 ;  Banks et al., 2010 ;  Sarayu et al., 2014). In industrial applications the 
mineral phase of carbonates is important, e.g calcite is mostly commonly used as a filter and 
pigment. Aragonite has improved physical and mechanical properties that impact tensile strength 
in materials, glass temperature and paper brightness (Santos et al., 2012). On the other hand, 
vaterite exhibit small and high porosity crystals which are important for personal care industries 
and drugs deliver technologies (Trushina et al., 2014).  
 
Several application of microbial precipitation has been studied in biotechnological aspects, but 
bacteria are still unexplored in Colombia. In this study, the process of calcium carbonate 





The monitoring of pH, redox potential, oxygen consumption, bacterial growth, and mineralogy of 
precipitates was performed. Thus, this study provides information of the process of 
biomineralization by Brevibacillus choshinensis (19ZI4B) isolated from calcium carbonate 
deposits. 
 
2.2 Materials and methods 
2.2.1 Bacterial isolates. 
The bacterial isolate used in this study belong to the genera Brevibacillus choshinensis (isolate 
19ZI4B). The bacteria specie was isolated from speleothems of El Zancudo (Z) mine, Antioquia. 
Colombia (Chapter 1). 
2.2.2 Production and collection of carbonate crystals  
Bacterial strains were inoculated in 250 ml of B4 liquid medium (Boquet et al., 1973) containing 
2.5 g of calcium acetate, 4 g of yeast extract, and 10 g of glucose per liter in 500 ml flasks. Also a 
modified B4 medium were tested with the same proportion of glucose, calcium acetate and yeast 
extract as described, but were prepared with drip water of mine El Zancudo (B4DZ). Bacteria were 
grown aerobically at 30°C for 21 days and 150 rpm in shaker.  The experiments were carried out in 
triplicate; controls consisted of uninoculated B4 and B4DZ liquid medium. Each three days an 
aliquot of 5ml was withdrawn for measuring pH, potential (Eh), dissolved oxygen using HACH 
HQ30d equipment Parameter Multi-Meter, with an Ag/AgCl electrode and a KCl electrolyte. 
Cellular counts were made using a Neubauer Chamber (Celoromics) in a phase contrast 
microscopy model CX31RTSF (Olympus, Shinjuku, Tokyo, Japan). 
The precipitated carbonates were collected from the 250 ml of B4 and B4DZ medium, taking  
aliquots of 5 ml  on  3, 6, 9,  12,  15  and 18 day of incubation . On the 21 day crystal were 
recovered from the 220 ml remaining. Falcons were centrifuged for 10 min at 2.500 rpm and 
supernatant was removed. In order to maximize crystals recovery, they were washed with 5 ml of 
distilled water (dH2O), and the falcons were centrifuged again. After centrifugation two phase 
could be distinguish in the pellet: cell biomass and calcium carbonates (in the bottom). The cell 
biomass was eliminated as much as possible by superficial washes of the pellet. Recovered crystals 
were distributed equally into the falcon and dried at 37°C for five days. The falcons were weighted 
before and after collection of crystals.  





2.2.3 X-ray diffraction (XRD) 
XRD was used to identify the polymorph precipitated. XRD analysis was carried out with crystals 
precipitated by B. choshinensis after 21 days of incubation in medium B4DZ. The analysis was 
made in a Rigaku Miniflex. Cu Kα1 and nickel filter (30 kV and 15 Ma). Step scanning was done 
from 4° to 70° 2θ with counting times of 0.02°s 2θ. Preparation of the samples involved 
pulverization of at least 1 g of precipitates in an agate mortar and passing through a 200 Tyler 
mesh sieve before analysis. 
2.2.4 Fourier transforms Infrared Spectrophotometry (FTIR) 
Only precipitates obtained at 6. 9. 15 and 21 days were measured using a Shimadzu FTIR 8400S 
spectrometer in the range of 400 to 4000 cm-1. 4 spectral resolution and 48 scans. One mg of the 
powder obtained by pulverization and passed through the 200 Tyler mesh sieve was mixed with 
100 mg of KBr. A Carver model 4350L press was used to pellet each sample (Reig et al.. 2002). 
Precipitates after 21 days of uninoculated controls and B4 were also analyzed. 
2.2.5 Scanning Electron Microscopy (SEM) 
To visualize the microscopic morphology of calcium carbonate crystals precipitated after 21 of 
incubation and define their microchemistry, a JEOL JSM 5910 LV with a spectrometer energy 
dispersive X-ray (EDX) model 7324 (Oxford Intruments) was used. Analyses were performed on 
samples coated with gold using an acceleration voltage of 10-15kV and working distance of 10 
mm (Benzerara et al.. 2003). 
2.3 Results  
2.3.1 Carbonate crystal precipitation and analysis 
The isolate Brevibacillus choshinensis 19ZI4B was able to precipitate carbonate crystals at 30°C 
during the incubation period. The crystals were colored white and no significant amounts of 
carbonate crystals were precipitated in the uninoculated controls (Figure 9). 
The amount of crystals precipitated in 220 ml of medium after 21 days by B. choshinensis in B4 







CONTROL	  B4	  B.choshinensis	  
B4	  
while in medium B4DZ precipitates were around 250 mg. Due to experimental difficulties for 
analyzing crystals each three days  those results are presented as additional information in 
appendices. Results showed that the amount of precipitates increased between the third and sixth 

















According to XRD analysis of the carbonate crystals precipitated after 21 days in the B4DZ 
medium they were calcite magnesian and vaterite (Figure 11). The low amount of crystals 
precipitated by the bacteria in the B4 medium did not allow to perform the analysis by XRD. 
B.choshinensis	  
B4DZ	  
Figure 9. Crystals precipitated by B. choshinensis 19ZI4B at 30°C in B4DZ liquid medium 
after 15 days of incubation. A) No significant carbonate crystals were precipitated in the 
uninoculated media controls; B) Crystals precipitated by bacteria in the bottom of the Falcon, 
where two phases could be distinguished: the cellular mass (Cells) and calcium carbonate 
(CC) precipitates; C) Magnification (40X  by light microscopy) of precipitates obtained in 
B4DZ medium.	  
Figure 10. Bar graph of the weight (mg) of precipitates 
collected after 21 days of incubation in 220 ml of B4 and 
B4DZ liquid medium at 30°C. Error bars indicate standard 
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FTIR was made to determine the mineral phase of precipitates after 21 days of incubation. Figure 
12 shows that fundamental modes for calcium carbonates can be distinguish: v1, the symmetric 
stretching, which is active for aragonite and vaterita; v2, the out of plane bending; v3, the doubly 
degenerate antisymmetric stretching at ranges that fit for calcite and dolomite; and v4. the double 
degenerate planar bending is active for vaterite and calcite (Sato & Matsuda. 1969). In the 
spectrum there are other peaks that may come from the medium. e.g. the vibration of symmetric 
stretching v1 between 1024 and 1041 cm-1 in calcium carbonates is usually weak,  but in our 
analysis this peak is strong which suggests the presence of other bonds absorbing energy in the 
same range like  C-O in carbohydrates or H-P-H bends in phosphorus compounds (Figure 12) 
(Bruckman & Wriessnig. 2013; Stuart. 1968). In the FTIR spectra of uninoculated controls (Figure 
13), there is a strong peak between the same range at 1022 and 1088 cm-1. This similarity between 
peak v1 (Figure 12) and peak 4 (Figure 13) may indicate that precipitates originated by bacteria 





Figure 11. XRD spectra of the carbonate crystals precipitated by B. choshinensis 19ZI4B after 21 




















Figure 12. FTIR analysis of precipitates harvested after 21 days of incubation in B4DZ medium. Arrows 
indicate analyzed peaks of the spectra. Peaks with Greek letter (ν) correspond to activated vibrational modes 
for calcium carbonates . v1 the  symmetric stretching  (1395 and 1410 cm-1),  νⁿ  the out of plane bending 
(866 and 875 cm-1), ν₁ the double degenerate planar bending  (707 cm-1 for calcite and 744 cm-1 for vaterite) 
and ν₀ the double degenerate asymmetric (1391 and 1428 cm-1) . Enumerated peaks correspond to other 
functional groups .Peak 1 (565 cm-1) and 2 (603 cm-1) are signal of PO43- in phosphates. Peak 3 (1242 cm-1) 
N-O bonds in nitrates or H-PO in phosphates. Peak 4 (1647 cm-1) C-O stretch in carboxylates and C=C-H 
bonds. Peak 5 (2515 cm-1) carbonates. Peaks 6 (2926 cm-1) and 7 (2958 cm-1) C-H3 asymentrical vibrations.  
Peak 8 (3296 cm-1) NH2 asymmetric stretch in amines, and peak 9 (3379 cm-1) O-H in water (Bruckman & 
Wriessnig. 2013; Movasaghi et al.. 2008). 
Figure 13. FTIR spectra of precipitates obtained in uninoculated controls and B. choshinensis  after 21 
days of incubation in medium B4. Arrows indicate analyzed peaks of the spectra. Peaks 1 (567 cm-1) and 
2 (603 cm-1) are due to phosphates (Weiner. 2010). Peak 3 (875 cm-1) seems due to the ѵ2 out of plane 
banding in carbonates. C-C. Peak 4 (1035 cm-1) fits with C-O in carbohydrates H-P-H bends in 
phosphorus compounds. Peak 5 (1419-1480 cm-) is due to O–H bend in carboxylic acids, peak 6 (1651 
cm-1) indicate C-O stretch in carboxylates, and peak 7 indicate O-H bonds in water (Tipson. 1968 ;  
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FTIR analyses (Figure 12) showed there are several peaks besides the typical vibrational modes of 
calcium carbonate crystals that come from the medium (Figure 13). For example, peaks near 565 
and 603 cm-1 could be attributed to phosphates from yeast extract, the peak near 1651 cm-1 was 
likely due to C-O stretch in carboxylates probably from calcium acetate. Whereas, there are peaks 
that could not be explained by the medium. e.g. peaks 6 y 7 around 2926 and 2958 cm-1 are C-H3 
vibrations maybe due the presence of lipids (Liu et al.. 2013) from cell walls or the composition of 
EPS; also NH2 around 3296 cm-1 could be due to amines from biomolecules produced by the 
bacteria.  
 
It is noticeable that vibrational modes corresponding to calcium carbonates are not active in the 
precipitates obtained in controls. In consequence bacterial metabolism is necessary for 
precipitating calcium carbonate crystals.  
In order to evaluate the stabily of the crystals through the incubation period, crystals on days 6, 9, 
15  and 21 were recovered and analyzed by FTIR. Results indicated that some peaks diverge 
through timer, for example, peaks for vibrational modes ѵ3  and ѵ1 tended to  get  broader or sharper 
and  vibrational mode  ѵ4   in 744 cm-1 for vaterite  appear or disappear (Appendix 5). Those minor 
changes might indicate that other mineral polymorphs could be present or not at some point of the 
incubation period.  
SEM analyses revealed that crystals precipitated by B. choshinenis 19ZI4B in the B4DZ medium 
were generally rough and irregular with 50-100 µm size and there were well-formed spherulites of 
approximately 1 µm in size (Figure 14 A). Nonbacterial shapes were observed on the crystals 
surfaces, however rough surfaces may indicate the presence of exopolymeric substances (EPS) 
(Figures 14 D and E). Microchemical analysis indicate that besides carbon oxygen and calcium, 
there are considerable amounts of phosphorus and traces of zinc and copper in the precipitates 






Figure 14. Scanning Electron Microscopy of calcium carbonate crystals precipitated by B. choshinensi in B4DZ 
medium.  A) Spherulites  and irregular crystals   (B) Spherulites. Close-up  of area (B) boxed in (A).  C) Irregular 
crystals boxed as (C) in image (A) . D and E) Irregular crystals. F ) EDS microchemical analysis of the grain in the 





2.3.2 Evolution of pH,  potential redox,  dissolved oxygen and growth of cells  
The effect of pH, redox potential (Eh), dissolved oxygen and cells count was measured .No 
significant changes of measurements  every three days were observed in controls without bacteria 
(Pointed lines in Figure 15).  
Figure 15A shows the evolution of pH for the evaluated bacteria in B4 and B4DZ mediums. 
Controls without bacteria did not have a significant pH increase among the 21 days of incubation 
(One way ANOVA. B4 p=0.324 and B4DZ p=0.63 >0.05). In Inoculated flasks were observed that 
after three days of incubation the pH increased in B4DZ medium from 6.5 to a final pH of 8.4. 
Otherwise in B4 medium the pH did not increased but a slightly decrease was observed from 6.5 to 
6.3.   (Figure 15A).  
The bacteria started with an inoculum of 103 cell/ml in 250 ml of medium. Figure 15B illustrates 
that at day 3 B. choshinensis raised its cellular mass to 109 cell/ml in B4DZ medium. Until day 21 
	  	  	  	  	  
45	  
	  
the bacteria kept in a stationary phase. On the other hand, in B4 medium the bacteria cell count 
was around 103 cell/ml and kept low during the incubation time. 
Bacteria were incubated aerobically during 21 days and dissolved oxygen during the process was 
monitored (Figure 15C). Oxygen concentration decrease to 0.5 mg/L after the first day of 
incubation and it kept low during the whole incubation period. In contrast, controls without 
bacteria and inoculated medium B4 did not change significantly and kept the concentration 
between 6.5-7.0 mg/L through time (Figure 15C). The negative redox potential (Eh) measured 
(Figure 15D) confirmed that there were few oxidizing species, such as oxygen in the calcium 















Figure 15. Graphics of pH, cell counts, oxygen concentration and potential redox (Eh) every three days 
in mediun B4 and B4DZ.  A)  PH evolution. B) Number of cells during 21 days C) Dissolved oxygen 









2.4   Discussion 
The studied isolate Brevibacillus choshinensis 19ZI4B was able to grow and precipitate calcium 
carbonates in B4DZ medium supplemented with drip water, however in non-supplemented B4 
medium the growth and precipitation was low in comparison. It is known that dripping waters 
contain dissolved organic carbon and sediments from photic surface ecosystems that enter the cave 
and sustain life inside a cave (Simon et al., 2003; Ortiz et al., 2014). Laiz et al. (1999) found that 
spring dissolved organic carbon content in dripping waters of Altamira cave was about 2200 mg C 
l-1 . Other studies on the Altamira´s soils suggested presence of  aliphatic organic acids and 
phenolic compounds, in this sense dripping waters might also contain those substances because 
soils  are the origin of the dissolved organic matter found the in dripping  waters (Sáiz-Jiménez & 
Hermosin,. 1999; Laiz et al., 1999).  
Banks et al. (2010), hypothesize that when there is not enough carbon source for the bacteria in 
medium B4 the cells tend to use the acetate calcium as carbon source, and this is a problem for the 
bacteria because acetate must enter the TCA (Tricarboxylic acid cycle) via the glyoxylic acid 
bypass. Although there is energy production, the limiting of CO2   generated by this pathway affects 
fatty acid synthesis which is essential for growth. Therefore, it seemed that drip waters had 
additional carbon sources that favored bacterial growth in B4DZ medium. 
In our study there were important changes in the amount of precipitates collected at different times 
of incubation which tended to decrease trough time. In contrast, Zamarreño et al. (2009a) reported 
that the amount of crystals precipitated by bacteria generally increased through time, however they 
found there is no significant relationship between the time of incubation and the amount of crystal 
precipitated. Decreases in calcium carbonate amounts also could occur since microbes can excrete 
chemical agents including mucopolysaccharides, ligands and organic acids that can locally create 
acid microenvironments that accelerate mineral weathering (Perry Iv et al., 2004). On the other 
hand, changes in the amount of precipitates could be explained by the concentration of calcium 
which plays a key role for precipitation (Hammes & Verstraete,. 2002). Changing the calcium 
concentration from 25 mM Ca2+ to  250 mM Ca2+ made the amount of calcium carbonate 
precipitation increased 10-fold (Okwadha and Li,. 2010). It appears that in our experiment the 
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maximum amount of calcium carbonate was reached after six days, but then for the next days the 
calcium concentration or mineral weathering mineral did not allowed to increase the amount of 
mineral through the incubation period. Nevertheless, after 21 days of incubation around 250 mg of 
precipitates were collected from 220 ml of B4DZ medium, which is high compared to other reports 
(Zamarreño et al., 2009a;  Zamarreño et al., 2009b) 
The bacteria studied grew fast after inoculation, increasing the biomass from 103 to 109 cell/ml in 
the supplemented medium, the collected crystals in medium B4DZ ranged between 25 mg to 90 
mg every three days. In contrast, cell concentration in medium B4 was low and they were able to 
precipitate only 1 mg to 9 mg every three days. It seems that the amount of crystals precipitated 
has relation with the cell concentration. Okwadh & Li, (2010) reported that when the cell 
concentration increased from 106 to 108 cell/ml, the amount of calcium carbonate precipitated 
raised by over 30%. Further. the age of the cell could increase the binding of metals to the bacterial 
wall (Shuttleworth & Unz. 1993). 
Several reports have demonstrated that metabolism of bacteria is necessary for precipitation 
(Zamarreño et al., 2009a ;  Rusznyák et al., 2012 ;  Barabesi et al., 2007 ;  Rivadeneyra et al., 2004 
;  Rivadeneyra et al., 2000 ;  Delgado et al., 2013), e.g. Delgado et al.,(2013) inoculated medium 
with autoclaved bacteria cells, they did no observed significant crystal formation or any other 
studied parameter like pH, concentration of  Mg +2 and Ca +2 were significant. In our study, 
precipitates observed in the controls (medium without bacteria) were analyzed by FTIR. The 
spectra obtained indicate that there were no significant amounts of calcium carbonates present 
since common vibrational signals for calcium carbonates are no active. It is well know that crystals 
production could be related to the alkalinity increase of the medium and to the presence of more 
nucleation sites such as the extracellular organic matrix and the cells surfaces (Braissant et al,. 
2003; Perito & Mastromei. 2011). Regardless pH levels, this was significantly higher in medium 
with bacteria as compared to controls, which indicates that metabolism of B. choshinensis 
generated chemical species that drive the medium to alkalization. Typically, calcium carbonate 
precipitation begins with the bacterial emission of CO2, from this, three chemical species form in 
water solution (H2CO3. HCO3– and CO32-) as shown in reaction (1) (Rivadeneyra et al., 2010; 
Capewell et al., 1998). In environments with high concentration of calcium formation of calcium 
carbonate is promoted by alkaline pH as shown in reaction (2) (Rivadeneyra et al., 2010). 
CO2 +H2O ⇔ H2CO3 ⇔ HCO-3 + H+ ⇔ 2H+ + CO2-3   (1) 
 






This means that if in reaction (1) concentration of CO32- is high with respect to HCO-3 and H2CO3, 
then reaction (2) is favored to precipitate calcium carbonate. Also, precipitation could be promoted 
by other proton sinks like PO4-3 and NH3 due to the degradation of yeast extract (Rivadeneyra et 
al., 2010). 
The oxidants and reducers content of the medium were measured as electrode potential [Eh] 
(Harris 2004). The low oxidant conditions indicated the presence of reducing  molecules or 
electron donors which could include various organic substrates and reduced inorganic compounds 
(Becking et al. 1960). For example, the medium nutrients contained amino acids that induced the 
production of NH3 that was degrading to NH4+ as shown by reaction (3). Also this reaction 
promoted the alkalization of the medium. 
NH3 + H2O ⇒ NH4+ + OH-   (3) 
Moreover, molecules degraded by bacteria, such as phosphorus compounds from organic 
molecules could contribute to the basic-reducing environment (Rivadeneyra et al., 2010). 
SEM micrographs indicated that isolate Brevibacillus choshinensis 19ZI4B produced irregular 
rough surface calcite magnesium crystals with 50-100μm size and regular spherulites, vaterite 
crystals. According to Dhami et al. (2013), irregular and rough surface crystals could be covered 
by an EPS layer or mucus matrix. Brevibacillus sp. has a well-known expression system 
recognized by its low extracellular proteolytic activity and its high protein secretion productivity 
(Yashiro et al., 2001). If this is true for a native bacteria isolated form speleothems, then high 
secretion of molecules such us microbial extracellular polymeric substances (EPS) could benefit 
calcium carbonate precipitation by isolate 19ZI4B in this study. Dhami et al. (2013), also observed 
that EPS produced by Bacillus liqueniformis isolated from calcareous sites favored calcium 
carbonate by acting as nucleation site, and they suggested that EPS could lead the morphology of 
the crystal. It has been reported that specific proteins present in EPS cause the formation of 
different polymorphs (Ercole et al., 2007; Ercole et al., 2012). This observation implies that the 
control of biomineralization by bacteria could be achieved if there is a control of the EPS secreted 
by the microorganism (Dhami et al., 2014; Chekroun et al., 2004; Tourney & Ngwenya., 2009; 
Tourney & Ngwenya. 2014).  
EDX analysis of the crystal precipitated by Brevibacillus choshinensis showed important amount 
of phosphorus and FTIR spectra indicated possible presence of biomolecules as phosphorous 
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compounds amines or lipids. Although it is still unknown the composition of EPS related to 
microorganism involve in mineralization the soluble EPS characterized yields different types of 
proton active functional groups as carboxyl phosphate amine, hydroxyl, sulphate, phosphodiester 
and amide (Tourney & Ngwenya., 2014).  
Irregular magnesium calcite crystals were precipitated after 21 days by B. choshinensis. Previous 
studies have reported that halophilic bacteria precipitate magnesium along with calcium on wall 
surface (Rivadeneyra et al., 1998). Depending of the ratio between both elements crystals could be 
calcite magnesium calcite aragonite or dolomite (Rivadeneyra et al., 2004). In sedimentary 
environments, high pressure and temperatures are needed to maintain Mg content in the structure 
of calcites (Graf & Goldsmith., 1955) but bacteria promote the stabilization of Mg in the crystal 
structure (Rivadeneyra et al., 2004). According to Rivadeneyra et al. (1998) the type of the 
precipitated mineral (calcite, aragonite,  dolomite or magnesium calcite) depends on adsorption  of 
magnesium and calcium in nucleation and growth of the crystals , those features are influenced by 
cell surfaces charges and bacteria metabolism responses  to pH and ionic strength.   
Beside calcite magnesian, vaterite was also produced by B. choshinensis.  This polymorph is not 
abundant in nature due to its metasbility, but is very common in eukaryotic biogenic structures. It 
has been found that vaterite crystals produced by bacteria is not strain specific and is more 
common than previously thought, Rodriguez-Navarro et al. (2007) suggested that incorporation of 
different organic molecules as EPS within vaterite leads to insoluble structures and contributes to 
vaterite stabilization.  
Crystals of CaCO3 are used in many industries like paper paint and plastics. Especially highly 
porous vaterita has been studied in medicine as encapsulating carriers for drugs (Trushina et al.. 
2014 ;  Fujiwara et al.. 2010). The open surface morphology absorbs a large range of biomolecules. 
for example spherical CaCO3 with an enzyme immobilized into pores was demonstrated as a 
platform for the design of biosensors (López-Marzo et al.. 2012). 
Regarding the stability of crystals through the incubation period it seemed that crystal composition 
and structure could change, e.g. vaterite might disappear due to watering of the mineral or mixed 
aragonite and calcite crystals could appear between the third day and the 21stday of incubation. 
However we evaluated this by using a continuous monitoring assay, where an aliquot of 5 ml from 
250 ml of   medium were removed every three days to collect the crystals, this implies that just a 
small amount of precipitates were obtained from the total bulk of the medium, which could cause 





experimental design should be carry on in order evaluate changes in crystals polymorphs through 
time, for example a discontinuous monitoring bioassay (samples sacrifice) could be better for 
studying crystals since the total bulk of the medium could be taken for collecting more 
representative amounts of crystals for each day.  
Our research has extended understanding of the composition, structure and morphology of calcium 
carbonate crystals precipitated by B. choshinenis. The bacteria was only able to growth in B4 
supplemented with drip-water where promoted basic-reducing conditions to precipitate calcite 
magnesian and spherulites of vaterite. Further studies based on ESP productivity vs calcium 
carbonate precipitation and calcium and magnesium sequestration should carry on to detail the 




















3. CHAPTER 3  
 
CONCLUSIONS AND RECOMMENDATION  
 
The present research aimed to study the bacterial diversity in calcium carbonate deposits and drip 
water from two mines in Colombia by culture dependent and independent technics (Chapter 1). 
Also, it aimed to study the calcium carbonate crystals produced by one the isolate Brevibacillus 
choshinensis (19ZI4) at flask scale (Chapter 2).  Besides these goals, additional information about 
the crystals of the isolated Acinetobacter gyllenbergii were presented (Chapter 1). Taken together 
the following conclusions and recommendations emerged from this work: 
§ Mines are not strictly cave environments because they have been constantly intervened by 
humans, however culture dependent and independent analysis suggest that bacterial 
biodiversity is considerably close to cave speleothems, since in our analysis there are 
common phylums and genera that have been previously reported. It seems that the phylum 
Firmicutes is the most active but Proteobacteria members are relatively more diverse in 
these calcium carbonate deposits. 
§ The results of this study provide the first report in Colombia about the bacterial 
communities present in second deposits in mines by a culture independent approach and 
culture dependent technics.  
§ Analysis of diversity through TTGE combined with culture dependent techniques were 
useful for determining dominant and common bacterial communities between the two 
mines. as well,  both provided information of the more active microbial communities in 
calcareous deposits  
§ It was shown that bacteria from carbonates deposits or speleothems can be cultivated on 
typical B4 medium, but supplemented medium with the drip-water of mines may give 
better result for exhibiting the precipitation of calcium carbonates because it mimics 





improvements of medium for increasing culturable bacteria from second deposits and 
calcium carbonate precipitation capacity.  
§ To respond how the real microbial dynamic and diversity is and their relation with mineral 
precipitation in calcium carbonate ecosystems, fungi and archeal studies could be made 
along with calcium carbonate analysis.   
§ Crystals obtained by B. choshinensis were irregular and rough magnesium calcite grains 
and vaterita spherulite crystals. Morphology of crystals by SEM suggested Brevibacillus 
choshinensis secreted extracellular polymeric substances that act as nucleation site. Further 
studies based on culture media changes. ESP productivity, calcium and magnesium 
sequestration should be carried on to detail the calcium carbonate process for Brevibacillus 
choshinensis.  
§ Brevibacillus choshinensis was able to precipitate around 250 mg of calcium carbonates 
after 21 days of incubation in B4DZ liquid media. However a clear relationship between 
the time of incubation, the amount of crystals precipitated and the polymorph stability of 
the crystals though time could not be established. A different experiment design should be 
performed in order to analyze this features. For example using a discontinuous monitoring 
bioassay (samples sacrifice), where flasks are setting independently in each period of 
incubation  thus the total production in the flask can be recovered avoiding difficulties and 
biases that carries to handle small quantities of samples.  
§ Our research has extended understanding of the composition, structure and morphology of 
crystals precipitated by  Brevibacillus choshinensis in situ for future geomicrobiology 
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Sample	  ZI4B	  cultured	  on	  
B4	  and	  B4DZ 
Sample	  ZII15A	  cultured	  on	  
B4	  and	  B4DZ 
















Appendix 2.  Dice coefficient and UPGMA clustering analysis of bacterial RISA patterns of 
precipitating isolates. The numbers on each node indicate the percent of similarity. The closest 
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Appendix 3. Fourier Transform Infrared Spectroscopy of crystals produced by A. gyllenbergii. 
























Bar graph of the weight (mg) of precipitates collected in the 5 ml 
aliquot removed each three days from total bulk of 250 ml medium 
during 21 days of incubation at 30°C. Error bars indicate standard errors 
of the means. 




Appendix 5. FTIR analysis of precipitated  produced by Brevibacillus choshinensis collected 














FTIR analysis of precipitates harvested at 6, 9, 15 and 21 days of in B4DZ medium. Vibrational modes for 
calcium carbonates are indicated with arrows labeled with the letter Greek (v). v  ₂     (866 and 875 cm-) "out of 
plane bending", νv4 "double degenerate planar bending"(710 cm- for calcite and 744 cm-  for vaterite), the v₃  
(1391 and 1428 cm-) "double degenerate asymmetric" and v1 (1395 and 1410 cm- ) “symmetric stretching”.  
Vibrational signals from other groups are indicated with enumerated arrows. Peak 1: 1628 and 1636 cm- are 
signals of C-O stretch in carboxylates and aromatic vibrations, 2: calcite, 3:  2504 cm- and 2494 cm- 
carbonates. 4 and 5: symmetric vibrations of CH2 bonds e.g. in lipids, 6: stretching bond NH in amines and OH 
























Appendix 8. Abstract accepted and presented in the 115th general meeting of the American 
Society for Microbiology. 
 
